We showed previously that loss of the integrin ␤8 subunit, which forms ␣v␤8 heterodimers, results in abnormal vascular development in the yolk sac, placenta, and brain. Animals lacking the integrin ␤8 (itg␤8) gene die either at midgestation, because of insufficient vascularization of the placenta and yolk sac, or shortly after birth with severe intracerebral hemorrhage. To specifically focus on the role of integrins containing the ␤8 subunit in the brain, and to avoid early lethalities, we used a targeted deletion strategy to delete itg␤8 only from cell types within the brain. Ablating itg␤8 from vascular endothelial cells or from migrating neurons did not result in cerebral hemorrhage. Targeted deletion of itg␤8 from the neuroepithelium, however, resulted in bilateral hemorrhage at postnatal day 0, although the phenotype was less severe than in itg␤8-null animals. Newborn mice lacking itg␤8 from the neuroepithelium had hemorrhages in the cortex, ganglionic eminence, and thalamus, as well as abnormal vascular morphogenesis, and disorganized glia. Interestingly, adult mice lacking itg␤8 from cells derived from the neuroepithelium did not show signs of hemorrhage. We propose that defective association between vascular endothelial cells and glia lacking itg␤8 is responsible for the leaky vasculature seen during development but that an unidentified compensatory mechanism repairs the vasculature after birth.
Introduction
Vascular development of the CNS depends on cells within the brain that secrete factors, such as vascular endothelial growth factor (VEGF), which promote and guide capillary growth (Ruhrberg et al., 2002; Gerhardt et al., 2003) . To fully appreciate the complexity of vascular development within the CNS, however, requires a better understanding of the molecules used for endothelial cell and neuroepithelial cell communication. These complex interactions between endothelial cells of the vasculature and neuroepithelial cells are also essential for formation of the bloodbrain barrier (BBB), which is important for homeostatic regulation of the brain microenvironment and is necessary for development and healthy function of the CNS (Abbott and Romero, 1996; Engelhardt, 2003) .
Vascular development within the CNS is regulated by cellmatrix and cell-cell interactions. Integrins are important heterodimeric extracellular matrix (ECM) receptors that mediate cell adhesion, cell migration, and tissue organization (Calderwood, 2004) . Several molecules have been identified that function during vasculogenesis and development of the BBB (Engelhardt, 2003; Park et al., 2003) , but only integrins containing either the ␣v or ␤8 subunits have been shown to be required for proper capillary development within the CNS (Bader et al., 1998; McCarty et al., 2002 McCarty et al., , 2005 Zhu et al., 2002) . The ␣v integrin subunit is the only known partner for ␤8, and the integrin ␣v␤8 has been shown to bind the latency-associated peptide of TGF-␤1 and vitronectin (Moyle et al., 1991; Nishimura et al., 1994; Mu et al., 2002) . Other evidence suggests ␣v␤8 may also bind laminin and collagen IV (Venstrom and Reichardt, 1995) .
Deletion of the integrin ␤8 (itg␤8) gene during development results in severe cerebral hemorrhage, with death of null mice occurring during embryogenesis or shortly after birth (Zhu et al., 2002) . Similarly, deletion of integrin ␣v (itg␣v) also results in severe cerebral hemorrhage and neonatal death (Bader et al., 1998; McCarty et al., 2002) . In addition to the ␤8 subunit, ␣v can associate with several other ␤ subunits including ␤1, ␤3, ␤5, and ␤6. These subunits, however, are not likely to be essential in vascular development of the neuroepithelium, because no vascular defects were observed in itg␤3/itg␤5 double knock-out mice or itg␤6 mutants (Huang et al., 1996; McCarty et al., 2002) . Furthermore, no cerebral hemorrhage has been observed in mice lacking itg␤1 in neuroepithelial cells (Graus-Porta et al., 2001 ). This evidence strongly suggests that ␣v and ␤8 function together as a heterodimer in the CNS during vasculogenesis.
To determine the cellular basis for the cerebral hemorrhage observed in itg␤8-null neonates, we generated a conditional itg␤8 knock-out mouse (itg␤8 flox). Using these mice, we selectively ablated itg␤8 from neuroepithelial cells, endothelial cells, and migrating neurons. Whereas deletion of itg␤8 from the neuroepithelium results in intracerebral hemorrhage, deletion from en-dothelial cells or from neurons does not. Tissue-specific deletion of itg␤8 from the neuroepithelium also resulted in morphologically abnormal capillaries and disorganized astroglial cells. Therefore, the presence of integrins containing the ␤8 subunit on neuroepithelial-derived glial cells is essential for proper regulation of vascular morphogenesis in the developing CNS.
Materials and Methods
Generation of "floxed" itg␤8 mice. Using standard procedures, the targeting construct was generated by inserting a phosphoglycerate kinaseneomycin (PGK-neo) cassette, flanked by frt sites and containing one loxP site at its 3Ј terminus, into the EcoRV restriction site between exons 4 and 5 in a genomic fragment of itg␤8 containing exons 4, 5, and 6. A second loxP site was inserted into the intron between exons 3 and 4. The targeted allele was subsequently generated via homologous recombination by introducing the linearized targeting construct into undifferentiated SVJ129 mouse embryonic stem (ES) cells using standard methods. A 5Ј 670 bp and a 3Ј 700 bp genomic DNA fragment of itg␤8 were used as probes for Southern blot identification of ES cells containing the targeted allele. Four independently targeted ES cell clones were identified. Two clones were injected into C57BL/6J blastocysts and then placed in pseudopregnant C57BL/6J females. One gave germline transmission, which was confirmed by Southern blot. Chimeric mice carrying the floxed itg␤8 allele were crossed to C57BL/6J mice. The progeny of that cross was crossed to mice carrying the enhanced flp recombinase gene ( flpE) under the control of the ubiquitous ␤-actin promoter (Rodriguez et al., 2000) to remove the PGK-neo cassette. These mice were then interbred to obtain itg␤8 flox/flox mice. Total RNA for Northern blots was obtained from control and mutant ␤-actin-cre itg␤8 postnatal day 0 (P0) brains using the Qiagen (Valencia, CA) RNeasy Mini kit. A 700 bp fragment from the 3Ј untranslated region of itg␤8 was used as a probe. A 500 bp fragment of the GAPDH (glyceraldehyde-3-phosphate dehydrogenase) gene was used as a probe as a control for RNA load.
PCR genotyping of mice. Female itg␤8 flox/flox mice were crossed to male itg␤8 null/ϩ ;cre/ϩ mice to generate itg␤8 flox/null ;cre/ϩ mutant progeny, as well as heterozygous and wild-type littermate progeny. All progeny were genotyped by standard PCR analysis using DNA from tail tissue. Primers specific for each allele were used to identify progeny and are as follows: itg␤8 wild-type (250 bp) and floxed allele (370 bp) (5Ј-GAGA-TGCAAGAGTGTTTACC-3Ј) and (5Ј-CACTTTAGTATGCTAATGAT-GG-3Ј); itg␤8-null allele (450 bp) (5Ј-AGAGGCCACTTGTGTAGCG-CCAAG-3Ј) and (5Ј-GGAGGCATACAGTCTAAATTGT-3Ј); cre (400 bp) (5Ј-CTGGCAATTTCGGCTATACGTAACAGGGTG-3Ј) and (5Ј-GCCTGCATTACCGGTCGATGCAAC-3Ј).
Mouse lines. The ␤-actin-flpE mice (Rodriguez et al., 2000) , the nestincre mice (Tronche et al., 1999) , and the nescre8 mice (Petersen et al., 2002) have been described previously. The tie2-cre mice were generously provided by R. Wang [University of California, San Francisco (UCSF), San Francisco, CA] (R. Braren and R. Wang, unpublished observations). The nex-cre mice have been described previously (Beggs et al., 2003; Brockschnieder et al., 2004) but were kindly provided before publication by K. A. Nave (Max-Planck Institute, Göttingen, Germany). The ␤-actincre mice were generously provided by G. Martin (UCSF) and have been described previously (Lewandoski et al., 1997) . Mice were cared for according to animal protocols approved by the UCSF Committee on Animal Research.
Morphological and histological analysis. Whole brains, dissected from P0 mice, were photographed using a CCD camera mounted on a dissecting microscope. Brains were then submerged in 4% paraformaldehyde in PBS overnight at 4°C, followed by submersion in 30% sucrose at 4°C until saturated, and then frozen in Tissue-Tek OCT (Miles, Elkhart, IN) for cutting 20 m sections using a cryostat. Embryos used for immunohistochemistry were decapitated, and the heads were then fixed in 4% paraformaldehyde in PBS for 1-2 h, cryoprotected in 30% sucrose, embedded in OCT, and cut on the cryostat (20 m sections). For LacZ staining, whole embryos or P0 brains were fixed for 2 h in 0.2% glutaraldehyde at 4°C, washed in PBS containing 0.02% NP-40 for 15 min, and stained with a freshly made X-gal (5-bromo-4-chloro-3-indolyl-␤-Dgalactopyranoside) solution according to the standard protocol. These embryos were subsequently fixed in 4% paraformaldehyde in PBS overnight, cryoprotected in 30% sucrose, embedded in OCT, and cut on the cryostat (15 m sections). All sections were counterstained with Nuclear Fast Red according to a standard protocol. Adult mice were anesthetized with 2.5% avertin in 0.9% NaCl, using 15 l per gram of mouse weight and perfused with 4% paraformaldehyde in PBS. This tissue was frozen directly in 30% sucrose for cutting 40 m sections using a sliding microtome. Nissl stain was used according to standard procedures.
Immunohistochemistry. The following primary antibodies were used: GFAP polyclonal antibody (pAb) (1:250; Dako, High Wycombe, UK), platelet-endothelial cell adhesion molecule (PECAM) (CD31) monoclonal antibody (mAb) (1:150; PharMingen, San Diego, CA), RC2 mAb (1:4; Hybridoma Bank, Iowa City, IA), collagen IV pAb (1:1000; Cosmo Bio, Tokyo, Japan), Englebreth-Holm-Swarm laminin pAb (1:3000; Sigma, St. Louis, MO), ␣-smooth muscle actin mAb (1:500; Sigma), and ␤-galactosidase (1:5000; ICN Biochemicals, Costa Mesa, CA). All sections stained with the RC2 monoclonal antibody were subjected to heatbased antigen retrieval in 10 mM sodium citrate buffer, pH 6.0, using the 34700 BioWave Microwave (Ted Pella, Redding, CA). OCT embedded frozen sections were placed in 5% goat serum, 5% BSA, and 0.3% Triton X-100 for 2 h at room temperature. Sections were incubated with primary antibodies overnight at 4°C, followed by fluorescent labeling with mouse or rabbit Alexa 488 (1:250; Invitrogen, Eugene, OR) or Texas Red (1:500; Invitrogen) in blocking buffer. For the isolectin B4 staining, paraformaldehyde-fixed sections were blocked as above for primary antibodies, followed by permeabilization in PBS containing 1% Triton X-100, 1 mM CaCl 2 , 1 mM MgCl 2 , and 0.1 mM MnCl 2 . These sections were then incubated with biotin-conjugated isolectin B4 (20 ng/l; L-2140; Sigma) overnight at 4°C in permeabilization solution. After five washes in PBS, sections were incubated with streptavidin-conjugated Alexa 594 (1:500; Invitrogen) in blocking buffer. Some sections were counterstained with the nuclear marker TO-PRO-3 (1:4000; Invitrogen). All sections were analyzed using a Zeiss LSM 5 Pascal confocal microscope. Radial glia morphology near the pial surface was analyzed by first collecting a z-series of images and then, using the Pascal program, collapsing the images into one projection image.
Results
Targeting strategy for conditional inactivation of the itg␤8 gene In a previous study, we observed that two-thirds of itg␤8-null mutant homozygotes die during midgestation because of defects in vascularization of the yolk sac and placenta. In the remaining one-third, itg␤8-null mice were born with severe cerebral hemorrhages and died shortly after birth (Zhu et al., 2002) . To gain a better understanding of the cell types responsible for the cerebral hemorrhage in the itg␤8-null mutant, we generated a conditional floxed allele of itg␤8 using cre/loxP technology. The itg␤8 locus was targeted in ES cells using a construct containing loxP sites flanking exon 4 and a PGK-neo selection cassette inserted into the intron between exons 4 and 5 (supplemental Fig. 1 A, available at www.jneurosci.org as supplemental material). Exon 4 encodes the integrin I-like domain, which has been shown to contribute to ligand binding in other integrin heterodimers (Tuckwell and Humphries, 1997; Green et al., 1998; Xiong et al., 2001) . Cremediated deletion of exon 4 results in a translational frameshift that generates a premature stop codon. As a result, itg␤8 mRNA is destabilized by the mRNA surveillance mechanism that degrades mRNA containing untranslated exons (Mendell et al., 2004) . Thus, there is no detectable mRNA expressed in recombined cells, as assessed by Northern blot (supplemental Fig. 1C , available at www.jneurosci.org as supplemental material). This is consistent with our previous observation that disruption of exon 4, in itg␤8-null animals, leads to a lack of itg␤8 mRNA expression (Zhu et al., 2002) . Therefore, we predict that there are no func-tional ␣v␤8 heterodimers expressed by mutant cells in itg␤8 conditional mutants. Homozygous itg␤8 flox/flox mice were viable, fertile, and showed no obvious phenotype.
Loss of itg␤8 from neuroepithelial cells results in cerebral hemorrhage
Integrin ␣v␤8 is expressed in neurons and glia in the mouse CNS (Milner et al., 1997; Nishimura et al., 1998) . Although itg␣v and itg␤8 mRNA are both strongly expressed in neuroepithelial cells, neither has been detected on the endothelial cells of the vasculature (Pinkstaff et al., 1999; Zhu et al., 2002) . Nevertheless, it remained possible that undetectable amounts of itg␤8 expression in the CNS vasculature could contribute to the hemorrhagic phenotype in mice resulting from complete deletion of itg␤8. To determine which cell types were responsible for the hemorrhage observed in itg␤8-null animals, itg␤8 was separately ablated from neuroepithelial cells, endothelial cells, and cortical neurons. Deletion of itg␤8 was accomplished by crossing female itg␤8 flox/flox mice with male itg␤8 null/ϩ mice expressing cre-recombinase in the specified cell type (supplemental Fig. 1 D, available at www.jneurosci.org as supplemental material), resulting in mutant animals hemizygous for the cre transgene and carrying one itg␤8-floxed allele and one itg␤8-null allele.
To address the hypothesis that itg␤8 expression in neuroepithelial cells is necessary for proper vascular morphogenesis in the mouse brain, we first ablated itg␤8 specifically from the neuroepithelium using a nestin-cre transgenic mouse line, which expresses cre under the control of the neural enhancer element of the nestin promoter (Tronche et al., 1999) . Because only the neural enhancer element, and not the entirety of the nestin promoter-enhancer region, is used to drive cre expression, not all cells that express nestin endogenously express cre. It has been reported that neural precursor cells that give rise to both neurons and glia are recombined as early as embryonic day 10.5 (E10.5) using this nestin-cre transgene and that endothelial cells remain unrecombined (Graus-Porta et al., 2001) . In contrast to a control animal ( Fig. 1 A) , examination of whole brains from P0 mice demonstrated that excision of itg␤8 from the neuroepithelium using nestin-cre results in cerebral hemorrhage (n ϭ 6) ( Fig. 1 D) . All mutant animals observed had bilateral hemorrhages distributed across their cortices. Brain morphology in coronal sections was examined using both Nissl (Fig. 1 ) and hematoxylin and eosin staining (data not shown). We found that 100% of nestin-cre mutant brains had visible hemorrhages throughout the dorsal cortex (Fig. 1 E) , as well as large hemorrhages present within the thalamus (Fig. 1 F) and in the ganglionic eminence near the deep mesencephalic nucleus (data not shown). This phenotype is less severe and less widespread across the cortex than that observed in the itg␤8-null animals (Fig. 1G) . The reduced severity of the hemorrhagic phenotype using this nestin-cre line may be attributable to incomplete recombination of the neuroepithelium. To address this possibility, we crossed the nestin-cre line with the R26R reporter strain and collected embryos at E15, just one-half day after the onset of hemorrhage in this mutant (Fig. 1 H) . Recombination appeared complete throughout the cortex and ganglionic eminence (Fig.  1 I) , and no ␤-galactosidase was detected in endothelial cells ( Fig.  1 J-LЈ) or vascular smooth-muscle cells (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material).
A second explanation for the reduction in severity of hemorrhage seen in the nestin-cre mutants may be the perdurance of a small amount of itg␤8 mRNA produced before deletion of itg␤8 by nestin-cre. Because expression of this transgene begins at E10.5 (Graus-Porta et al., 2001), we used the nescre8 transgenic mouse line, which expresses cre under control of the entire nestin promoter/enhancer beginning at E8.5 (Petersen et al., 2002) . Hem- Figure 1 . Phenotypic defects observed after conditional deletion of itg␤8 from the neuroepithelium using nestin-cre. A, Wild-type brain from P0 neonate. B, C, Nissl-stained sections of a control brain. D, P0 brain lacking itg␤8 because of conditional deletion mediated by neuroepithelial-specific nestin-cre. Note the blood produced from hemorrhages throughout the dorsal and rostral cortices (arrowheads). E, F, Nissl-stained sections of a nestin-cre mutant brain. Notice the hemorrhages (arrowheads) throughout the cortex (E) in addition to the massive hemorrhage in the thalamus (F ). G, P0 mutant animal generated using the ␤-actin-cre line. Mutants generated with this cre line display phenotypes not obviously different from the null animal. An avascularized yolk sac and placenta is seen in the majority of embryos that die by E11.5, and severe hemorrhage is seen in the brain of embryos that survive to birth. H, E14.5 brain lacking itg␤8 from the neuroepithelium because of conditional deletion mediated by neuroepithelial-specific nestin-cre. Note the blood produced from hemorrhages throughout the dorsal and rostral cortices (arrowhead). I, LacZ-stained section from an E15 nestin-cre-positive animal crossed to the R26R reporter strain. Note that the neuroepithelium is almost entirely recombined. J-L, ␤-galactosidase expression analysis of E15 embryo cortices (one-half day after hemorrhage was observed in nestin-cre mutants) obtained from a cross of a nestin-cre-positive animal and the R26R reporter line. Note the strong expression of ␤-galactosidase (green) in cells of the neuroepithelium but the lack of ␤-galactosidase immunolabeling of the endothelial cells labeled with isolectin B4 (red) (L). Cell nuclei were counterstained with TO-PRO-3 (blue). ␤Gal, ␤-Galactosidase; Mut, mutant; IB4, isolectin B4. Scale bar: L, 20 m.
orrhages in these mutants appeared by day E12.5 (supplemental Fig. 3B , available at www.jneurosci.org as supplemental material), the same time at which itg␤8-null animals develop intracerebral hemorrhage, but 2 d earlier than observed using the nestin-cre line. However, all nescre8 mutants observed at P0 had hemorrhages more similar to those obtained using nestin-cre than those seen in the itg␤8-null animal (n ϭ 5) (supplemental Fig. 3C , available at www.jneurosci.org as supplemental material), suggesting that factors in addition to loss of itg␤8 in the neuroepithelium contribute to the more severe hemorrhage observed in itg␤8-null animals.
To determine whether integrin ␤8 expressed in endothelial cells is also necessary for normal development of brain vasculature, we ablated itg␤8 specifically from endothelial cells using cre driven by the tie2 promoter (Fig. 2) . This transgene drives cre expression in most endothelial cells by E7.5 (R. Braren and R. Wang, unpublished observations). By E9, tie2-driven cre expression is very strong in the head vasculature before invasion of the neuroepithelium (Fig. 2 E-F ) . Mutants generated using the tie2-cre transgene showed no sign of hemorrhage in the cortex or thalamus, nor were other brain defects observed (n ϭ 7) (Fig. 2G-I ). These data indicate that loss of ␣v␤8 protein from endothelial cells does not account for the hemorrhagic phenotype observed in itg␤8 nestin-cre mutants or itg␤8-null animals.
To determine whether absence of itg␤8 from cortical neurons contributed to the hemorrhage defect seen in itg␤8-null animals, nex-cre (Beggs et al., 2003; Brockschnieder et al., 2004 ) was used to delete itg␤8 from those cells (Fig. 3) . The cre cDNA was inserted using a knock-in strategy into the nex locus, ensuring nex cellspecific expression of cre (Brockschnieder et al., 2004) . This basic helix-loop-helix transcription factor drives cre expression primarily in pyramidal, postmitotic migrating neurons in the future cortical plate by E11, with robust expression throughout the forebrain by E12.5 (S. Goebbels and K. Nave, unpublished observations). When itg␤8 flox/flox animals were crossed to itg␤8 null/ϩ ;nex-cre/ϩ mice, mutant progeny showed no sign of cerebral hemorrhage or other brain defects (n ϭ 3) (Fig.  3A-C) , indicating that expression of ␤8 in cortical neurons is not necessary for proper vascular morphogenesis in the CNS.
Together, these data indicate that itg␤8 in the neuroepithelium is essential for proper vascular formation during development. Deletion of itg␤8 specifically from endothelial cells or from migrating cortical neurons does not result in hemorrhage. Additionally, deletion of itg␤8 specifically from cells in the neuroepithelium using nestin-cre or nescre8 does result in cerebral hemorrhage during development that closely resembles, but is less severe than, the hemorrhage identified in the complete itg␤8-null mice (Zhu et al., 2002) .
Loss of itg␤8 in neuroepithelial cells results in endothelial cell abnormalities in the developing cortex
To further characterize the nature of the defect observed in the itg␤8 nestin-cre mutants, we used confocal microscopy to visualize cortical vasculature in coronal sections of the cortex by immunostaining with an antibody recognizing PECAM, a membrane glycoprotein expressed on the surface of endothelial cells. During development, a uniformly sized, primary capillary plexus is formed in the neural tube through angiogenesis (Yancopoulos et al., 2000) . Anti-PECAM immunostaining of endothelial cells in sections of the forebrain from control mice labels this uniform plexus at P0 (Fig. 4 A, B) . A normal plexus also developed in mice from which itg␤8 had been deleted in endothelial cells using tie2-cre (Fig. 4 K, L) . However, deletion of itg␤8 from the neuroepithelium using nestin-cre resulted in vessels with large irregular endothelial cell clusters (Fig. 4 F, G) . These clusters are similar to those observed in itg␤8-null embryonic neuroepithelium (Zhu et al., 2002) . We hypothesize that these abnormal clusters of endothelial cells may reflect aberrant endothelial cell migration or hyperproliferation during development of the brain and may permit leakage and subsequent hemorrhage of the vasculature.
The presence of endothelial cell clusters in nestin-cre mutant vessels suggested that improper basement membrane deposition or organization could result in the improper clustering of endothelial cells. However, anti-collagen IV immunostaining of the basement membrane of vessels in the cortex was normal in the itg␤8 nestin-cre mutants, even in areas of bulbous endothelial cell clusters (Fig. 4 H, J ) . Anti-laminin immunostaining of the vessel basement membranes also appeared normal in the itg␤8 nestincre mutants compared with control animals (data not shown). This confirms our previous finding in the itg␤8-null animals that loss of itg␤8 does not cause a general defect in basement membrane assembly, although discontinuities were observed possibly because of secondary effects of hemorrhage (Zhu et al., 2002) .
Pericytes also appeared to be recruited normally to endothelial cells in nestin-cre mutant brains as detected by anti-␣-smooth-muscle-actin immunostaining (Fig. 4 I, J ). Pericytes were recruited to both stalk cells of the vessels and cells within the bulbous endothelial cell clusters. This finding is consistent with the normal recruitment of pericytes we reported previously in the itg␤8-null animals (Zhu et al., 2002) .
Conditional deletion of itg␤8 from the neuroepithelium results in glial disorganization in the mouse brain
The known juxtaposition of glial cells and endothelial cells in the brain (Kacem et al., 1998; Simard et al., 2003) suggested that a primary defect in glial cells could give rise to a secondary endothelial cell phenotype in the itg␤8 nestin-cre mutant. Using confocal microscopy, we examined astroglia and radial glia in control and itg␤8 nestin-cre mutant P0 cortices. Cortical astroglial processes in wild-type P0 neonates were arrayed in a very regular pattern and were parallel to and in close association with blood vessels (Fig. 5 A, AЈ) . In a matched section from an itg␤8 nestin-cre mutant, astroglia appeared disorganized. They did not have the regular parallel organization seen in the control. Furthermore, in contrast to the wild type, blood vessels in the mutant did not run parallel to these glial processes (Fig. 5 E, EЈ) . The lack of alignment of the blood vessels and astroglial processes observed in the itg␤8 nestin-cre mutant may be explained by our previous observation that endothelial cells in the itg␤8-null mice were not well attached to the surrounding brain parenchyma, as observed by electron microscopy (Zhu et al., 2002) .
Radial glia are precursor cells that give rise to both neurons and glial cell types (Doetsch, 2003) and have been shown to express ␣v integrins (Hirsch et al., 1994) . To examine whether radial glia were also disorganized in the nestin-cre mutant, we stained E14.5 coronal forebrain sections for RC2, an early radial glia marker (Misson et al., 1988) . E14.5 corresponds to the earliest time that hemorrhage was observed in the nestin-cre mutants. Control animals showed the expected radial pattern of glia in the ganglionic eminence of the neuroepithelium (Fig. 5B) . However, in the itg␤8 nestin-cre mutants, radial glia were very disorganized in the ganglionic eminence (Fig. 5F ). Because all nestin-cre mutants had visible hemorrhage in the ganglionic eminence at this time, we looked in areas of the developing cortex where hemorrhage had not yet occurred. Radial glial processes appeared normal and pial attachment did not appear altered in the nestin-cre mutants (Fig. 5G,H ) . These data suggest that radial glial disorganization closely coincides with, but may be a secondary consequence of, hemorrhage of the vasculature within the CNS of these mutants.
Adult itg␤8 nestin-cre mutants lack hemorrhages
Because itg␤8-null animals die before or shortly after birth, we used our conditional itg␤8-floxed allele to look at phenotypes in adult mutants. Adult itg␤8 nestin-cre mutants were examined 6 -10 weeks after birth by Nissl stain (Fig. 6 ). Similar to control animals, this mutant showed no sign of cortical or thalamic hemorrhage compared with controls (n ϭ 6) (Fig. 6 D, E) . Additionally, no cortical lamination defect was observed (Fig. 6 F) , which Cre-mediated recombination is very strong in the future cortical plate by E14.5 when hemorrhage is observed in the nestin-cre mutant and remains strong after birth. E, ␤-Galactosidase (␤Gal) expression analysis of E14.5 embryo cortex. Note that ␤Gal (green) immunolabeling is limited to cells within the future cortical plate. Endothelial cells were immunolabeled with isolectin B4 (red) and were not recombined by this cre line. Cell nuclei were counterstained with TO-PRO-3 (blue). Scale bar: E, 50 m.
was not surprising, because radial glial attachment to the pial surface did not appear altered in the mutants during development. This suggests that the cerebrovascular defects observed in these animals at P0 were transient and were later repaired. The repair of the vascular defects observed at P0, however, was unexpected, because no itg␤8-null animal survived more than a few days postnatally.
Discussion
We generated a floxed allele of itg␤8 to examine the functions of integrins containing the ␤8 subunit in the CNS. Targeted deletion of itg␤8 from the embryonic neuroepithelium causes abnormal vascular development resulting in cerebral hemorrhage. Ablation of itg␤8 from embryonic endothelial cells or neurons does not result in abnormal development of the brain vasculature. Expression of integrins containing the ␤8 subunit appears to be required on non-neuronal cells within the neuroepithelium for proper blood vessel development in the CNS. Moreover, neuroepithelial-derived astroglia lacking itg␤8 are disorganized, particularly in relation to the vasculature within the forebrain. These findings complement our previous work on itg␤8-null mice and further define the cell types that must express ␤8 within the CNS to promote normal vascular development during embryogenesis. In addition, adult animals lacking itg␤8 in cells generated within the neuroepithelium did not have intracerebral hemorrhages, although hemorrhages occurred earlier during development. This result indicates that itg␤8 is not required postnatally for proper cerebral blood vessel function.
Comparison of itg␤8-null mutants to conditional itg␤8 nestin-cre mutants All itg␤8-null animals that survive gestation die within hours after birth with severe cerebral hemorrhage throughout the forebrain. Although itg␤8 nestin-cre mutants also show widespread cortical hemorrhage the day of birth, the hemorrhage is not as severe as in itg␤8-null animals and they survive birth to become adults. This marked difference may be a result of several possibilities. First, the complete itg␤8-null animals may develop under abnormal environmental conditions, such as hypoxia-induced oxidative stress, because itg␤8 is required for proper vascular development of the placenta (Zhu et al., 2002) . These environmental stress factor(s) may contribute indirectly by inducing cell death and brain tissue damage to increase the severity of hemorrhage in this mutant. Second, nestin-cre may have a slightly mosaic spatial expression pattern that prevents recombination of 100% of all neuroepithelial cells. The presence of a few cells that express ␤8 may reduce the severity of the hemorrhage observed at P0. Additionally, if itg␤8 mRNA is produced before the onset of cre expression (and thus itg␤8 deletion), enough ␤8 protein may be made to initiate aspects of proper vascular development. This latter possibility seems unlikely because the nescre8 mutant has a very sim- ilar phenotype to that of the neural-specific nestin-cre mutant used in the bulk of our analyses but expresses cre 2 d earlier (Petersen et al., 2002) .
CNS function of integrin ␣v␤8
Null alleles and floxed alleles of itg␤8 and itg␣v have been generated to elucidate the function of these integrin subunits in vivo. Null alleles of both itg␣v and itg␤8 have two stages of lethality, with a majority of each mutant dying during embryogenesis and a minority surviving until birth with severe cerebral hemorrhage (Bader et al., 1998; McCarty et al., 2002; Zhu et al., 2002) . This evidence strongly suggests that these two subunits function together as a heterodimer during CNS vascular development. Indeed, ␣v and ␤8 may function exclusively together during vascular development, because no vascular defects were observed in itg␤3/itg␤5 double knock-out mice (McCarty et al., 2002) , itg␤6 knock-out mice (Huang et al., 1996) , or nestin-cre-derived itg␤1-deficient mice (Graus-Porta et al., 2001) .
Both floxed alleles of itg␤8 and itg␣v have been crossed to nestin-cre and tie2-cre (Figs. 1, 2) (McCarty et al., 2005; present study) . Neither mutant obtained from the tie2-cre cross developed cerebral hemorrhage. Similarly, both mutants derived from the nestin-cre cross developed bilateral hemorrhage similar to, but less severe than, either null mutant. Our current study further defines non-neuronal cell types within the neuroepithelium responsible for proper capillary development within the CNS (Fig.  3) . Moreover, our observation that astroglia in the itg␤8 nestincre mutant are disorganized (Fig. 5) implies that ␣v␤8 expressed on glial cell processes facilitates proper CNS blood vessel development. Cre expression driven by a glial lineage-specific promoter early during development would strengthen these find- ings; however, this may not be possible, because radial glia differentiate to form both glial cells and neurons (Doetsch, 2003) . The itg␣v-floxed mice were crossed to mice expressing cre driven by the human GFAP promoter (hGFAP) in an attempt to recombine primarily CNS glia originating from GFAP-positive radial glia. The resulting mutants, however, developed only a mild cerebral hemorrhage, most likely attributable to the late onset (ϳE15) of cre expression (McCarty et al., 2005) . Although GFAPpositive radial glia are known to give rise to astrocytes and other glial cell types, almost all cortical projection neurons, and some striatal neurons, also originate from this radial glial lineage (Doetsch, 2003) . At least some of these neurons are also likely to have lost itg␣v as a result of recombination mediated by hGFAPcre; thus, they may contribute to any hemorrhage observed in this mutant. Our observation that itg␤8 nex-cre mutants do not develop cerebral hemorrhage (Fig. 3) indicates that cortical neurons do not contribute to the cerebral hemorrhage observed in itg␤8 nestin-cre mutants or itg␤8-null animals at P0. Together, this evidence suggests that deletion of ␣v␤8 on glial cells within the neuroepithelium is responsible for the hemorrhage observed in the itg␤8-and itg␣v-null animals.
Because neither the itg␣v-or itg␤8-null animals survive long after birth, use of the floxed itg␤8 allele has enabled investigation of the postnatal functions of ␤8. Surprisingly, we discovered that adult itg␤8 nestin-cre mutants do not have cerebral hemorrhage (Fig. 6) . Although a majority of itg␣v nestin-cre mutants also survive neonatal hemorrhage to become mature adults, a few do not fully repair the hemorrhage and die within a few weeks after birth (McCarty et al., 2005) . The absence of premature death in itg␤8 nestin-cre mutants could reflect differences in the background strains of these two mutants. Lastly, itg␤8 nestin-cre mutant animals begin to display abnormal gait in the hind limbs 8 weeks after birth (J. M. Proctor and L. F. Reichardt, unpublished observations). Although we are currently investigating this adult phenotype in more detail, it is worth noting that adult itg␣v nestin-cre mutants also display abnormal gait with a similar time of onset (McCarty et al., 2005) .
Brain vascular development and integrin ␣v␤8
The cerebral hemorrhage observed in the conditional itg␤8 nestin-cre mutants suggests a severe defect in vascular development and function. Analysis of mutant brains revealed aberrant capillary vessel morphology and abnormal clustering of endothelial cells (Fig. 4) . However, vessels maintained an intact basement membrane and normal endothelial cell-associated pericytes (Fig.  4) . The defect in glial alignment and possible lack of association with endothelial cells observed in the itg␤8 nestin-cre mutants (Fig. 5) suggest that ␣v␤8 regulates vascular morphogenesis through its expression on neuroepithelial cells, particularly glia. These data support a model in which ␣v␤8 adheres to ligand(s) within the extracellular matrix or ligand(s) expressed directly in brain capillary vessels to mediate glial cell-endothelial cell contact. This contact could provide instructive cues for proper vascular morphogenesis during early development and physical support during later aspects of CNS development. None of the known ligands for ␣v␤8, however, are required for vascular development of the CNS. For example, one-half of TGF-␤1-deficient mice have a defective yolk sac vasculature, but the remaining one-half survive birth with no sign of cerebral hemorrhage and die because of a multifocal inflammatory disorder (Shull et al., 1992; Dickson et al., 1995) . Knock-out mice of ECM ligands such as vitronectin develop normally and are fertile (Zheng et al., 1995) . None of the laminin isoform knock-out mice develop cerebral hemorrhage (Li et al., 2003) , although laminin-␣5-deficient mice have a defective placental vasculature (Miner et al., 1998) . Lastly, collagen IV-deficient mice die at midgestation, but the capillary networks of the embryo, yolk sac, and placenta appear normal (Poschl et al., 2004) . Together, these data suggest that the ␣v␤8 ligand responsible for its regulatory function in CNS vasculature development has not been identified.
Strikingly similar to itg␤8-null mice, total deletion of neuropilin-1 (npn-1) results in defective yolk sac and cerebral vessel development and early embryonic death (Kawasaki et al., 1999) . Neuropilin-1 is a known receptor for the VEGF 165 isoform of VEGF-A (Breier et al., 1992; Soker et al., 1998) . One putative mechanism by which ␣v␤8 expressed on glial cells could regulate vascular development is by indirectly regulating release of secreted factors, such as VEGF, through cross talk with endothelial cell receptors such as neuropilin-1. The VEGF 165 binding site on neuropilin-1 has been shown to be necessary for proper capillary development in the embryonic mouse brain (Gu et al., 2003) . Additionally, npn-1 mutants display aberrant endothelial cell clusters (Gerhardt et al., 2004) similar to those observed in the itg␤8-null and nestin-cre mutants. Increased capillary permeability and endothelial cell hyperproliferation are known effects of augmented VEGF expression (Cheng et al., 1997; Sundberg et al., 2001; Gora-Kupilas and Josko, 2005) . Bromodeoxyuridine labeling of endothelial cells in the itg␤8-null animals demonstrates that these cells are in fact hyperproliferative in this mutant (Zhu et al., 2002) . Through possible communication with neuropilin-1, ␣v␤8 may regulate expression or secretion of specific isoforms of VEGF, such as VEGF 165 , and thereby regulate vascular morphogenesis. Other molecules such as Eph receptors and semaphorins have been shown to interact with integrins and their signaling pathways (Zou et al., 1999; Pasterkamp et al., 2003; Serini et al., 2003) and thus may also play a role in regulating vascular development of the brain. We are currently pursuing the mechanism by which ␣v␤8 functions in the developing mouse brain.
Our current study defines neuroepithelial cells and glia as the primary cell types in which itg␤8 expression is essential for proper development of capillary growth in the embryonic brain. It is essential now to identify the ligand(s) for ␣v␤8 in the CNS and to develop reagents that will facilitate our understanding of the mechanism by which ␣v␤8 promotes proper vascular development. Use of the itg␤8-floxed allele in elucidating the signaling pathways through which integrin ␣v␤8 functions should help define the regulatory mechanisms necessary to establish an organized capillary network in the developing brain.
